ABSTRACT: Acute undifferentiated febrile illnesses (AFIs) represent a significant health burden worldwide. AFIs can be caused by infection with a number of different pathogens including dengue (DENV) and Chikungunya viruses (CHIKV), and their differential diagnosis is critical to the proper patient management. While rapid diagnostic tests (RDTs) for the detection of IgG/IgM against a single pathogen have played a significant role in enabling the rapid diagnosis in the point-of-care settings, the state-of-the-art assay scheme is incompatible with the multiplex detection of IgG/IgM to more than one pathogen. In this paper, we present a novel assay scheme that uses twocolor latex labels for rapid multiplex detection of IgG/IgM. Adapting this assay scheme, we show that 4-plex detection of the IgG/IgM antibodies to DENV and CHIKV is possible in 10 min by using it to correctly identify 12 different diagnostic scenarios. We also show that blue, mixed, and red colorimetric signals corresponding to IgG, IgG/IgM, and IgM positive cases, respectively, can be associated with distinct ranges of hue intensities, which could be exploited by analyzer systems in the future for making accurate, automated diagnosis. This represents the first steps toward the development of a single RDT-based system for the differential diagnosis of numerous AFIs of interest.
A cute undifferentiated febrile illnesses (AFIs) are responsible for substantial morbidity and mortality globally and impose a considerable economic cost, primarily in developing countries. 1−3 In order to treat patients of AFIs appropriately and effectively, the AFIs need to be differentially diagnosed by identifying the causative infectious agents, examples of which include Chikungunya (CHIKV) and Dengue (DENV). 4, 5 CHIKV is a re-emerging mosquito-borne alphavirus responsible for a severe epidemic in countries of the Indian Ocean region with an estimated 7.5 million cases over five years 6 and is now also widely prevalent in the Latin American region. 7 DENV is the most rapidly spreading mosquito vector disease worldwide, with an estimated 50−100 million new dengue infections occurring every year in over 100 countries, 8 and recent estimates suggest that this number may be as high as 390 million. 9 In many settings, the initial diagnosis of patients presenting with febrile illness is done with the use of a standard rapid diagnostic test (RDT) based on lateral flow principles. These tests can be easily administered and yield quick results with relatively high sensitivities and specificities. 10−13 The AFI diagnosis typically involves operating an antigen-specific test to detect the presence of infectious agents (e.g., nonstructural protein 1 of the DENV) which are present at high concentrations in human blood during the early clinical stage of infection. 11 Because these concentrations fall below a detectable range in the later stages of infection, serological tests are necessarily performed in conjugation to the antigenspecific tests in order to make accurate AFI diagnosis. Most of the serological tests rely on detecting the Immunoglobulin M (IgM) antibodies to the infectious agent, which is supplemented by the Immunoglobulin G (IgG) antibody detection for the indication of a past infection.
14 For these tests, the current state-of-the-art is a single RDT strip for the duplex IgG/IgM detection using two test lines (one for IgG and one for IgM detection). In such cases, detection is limited to that associated with a single infectious agent, and the detection of IgG/IgM to the other pathogens would require additional pathogen-specific strips to be used in parallel. Such practice of acquiring differential AFI diagnosis has major limitations as each test set would need to be prepared, operated, and interpreted separately by the user. Multiplexing the IgG/IgM detection of several AFIs on a single strip can have an immediate, significant impact by simplifying the operation process of the users, requiring less sample volume, and lowering the cost of the overall tests. 15 These benefits could play a major role in facilitating the deployment of the rapid diagnostic tests (RDTs) and allowing much more rapid differential AFI diagnosis.
For the detection of several antigens, as opposed to antibodies, multiplexing on a single strip has previously been achieved by introducing additional detection antibodies of the same label (e.g., gold nanoparticle labeled antibody for new target antigens) and adding the associated test lines that are spatially separated from each other for developing multiple test line signals. 16, 17 Unfortunately, such an approach cannot be adapted in multiplexing antibody RDTs whose test lines comprised of anti-IgG and anti-IgM and are not specific to a particular pathogen. This represents a challenge for multiplexing because, even if multiple detection probes with different pathogen specificity are used, they would all be captured on a single test line; as such, when a test line signal develops color, the information about the causative pathogen would still be unknown. Therefore, under this format, multiplexing requires the encoding of each detection probe with a different characteristic color (i.e., associating a distinct color with a certain pathogen) and subsequently analyzing the composition of the test region color as recently demonstrated by Yen et al. 18 for a similar application in which multicolored silver nanoparticles were used to detect several infectious agents. This approach has practical drawbacks including the requirements for distinctly different color labels (n-plex test would require n differently colored probes) and the complexity of analyzing the color development as n becomes large.
In this work, we present a novel lateral flow assay scheme for multiplexing the detection of several pathogen-specific IgGs/ IgMs on a single strip using just two color labels. This method uses blue and red encodings to discriminate between the IgGs and IgMs, while the pathogen specificity is determined by observing the test line location of the color development. The principle of our two-color lateral flow assay is schematically illustrated in Figure 1 . The assay consists of: the sample pad for accepting the sample, the conjugate pad for storing the detection probes, the nitrocellulose membrane for immobilizing the test and control region reagents, and the absorbent pad for collecting the waste mixtures ( Figure 1a ). To operate our test, the sample (which is envisioned to be blood/plasma/serum) and chase buffer solutions are added to the sample pad sequentially as is typically done for other traditional RDTs. Once wetted, the blue and red detection probes that have been dry-stored on the conjugate pad are released and become free to interact with all the sample IgGs and IgMs, respectively, including those associated with the AFIs of interest (Figure 1b ). When the sample−probe mixture flows over the test regions, only the IgGs and IgMs to the targeted pathogens are captured at the respective test regions and develop color due to the accompanying blue and red detection probes from the earlier interaction. Further downstream, the control region immobilizes the secondary antibodies (i.e., antigoat IgG) that capture both the blue anti-IgG and red anti-IgM detection probes based on their host species (i.e., goat) and develops mixed colors to confirm that the test has completed successfully. Thus, after checking to find the mixed color development on the control region, the operator can obtain diagnostic AFI information from the two-color assay by (1) observing the color development on the test region where red, blue, and mixed colors indicate the presence of IgGs, IgMs, or both, respectively, and (2) determining the pathogen specificity of the detected IgG/IgM by noting the location of the test region under observation (e.g., two spatially separated test regions associated with DENV and CHIKV are shown as examples in Figure 1b) . Here, such multiplexing is enabled by our use of anti-IgG and anti-IgM probes that serve as common agents in the IgG/IgM detection of different AFIs. This signifies that the two-color assay can be further multiplexed simply by introducing additional test regions (i.e., dispensing other recombinant pathogen molecules of interest such as Malaria, Chagas, Leptospirosis, and Typhoid fever) and ensuring that the anti-IgG and anti-IgM probes do not become limited during their interaction with the sample.
The latex-based detection probes were prepared by labeling the anti-IgG antibodies (goat antirabbit IgG secondary antibody, γ-chain specific; Jackson ImmunoResearch Laboratories, Inc.) with Blue latex beads (LATEX conjugation kit −400 nm Blue; Innova Biosciences Ltd.) and anti-IgM antibodies (goat antimouse IgM secondary antibody, μ-chain specific; Sigma-Aldrich Co.) with Red latex beads (LATEX conjugation kit −400 nm Red; Innova Biosciences Ltd.) based on antibody attachment to bead surfaces via lysine residues. The conjugates were subsequently diluted to 0.4% and dry-stored on Glass Fiber Conjugate Pads (EMD Millipore) with 10 cm × 5 mm dimensions. The details for preparation of the latex-based detection probe are provided in the Supporting Information.
The lateral flow assay was prepared by assembling the sample, conjugate, and absorbent pads onto the adhesive parts of the plastic-backed Hi-Flow Plus 90 Membrane Cards (EMD Millipore (Figure 2a) and/or recombinant dengue antigen (RaybioTech, Inc.) for the DENV test. To ensure proper wicking of the sample solution through the assembled assay, the components were assembled via the adhesive regions of the membrane card in the following order:
(1) the latex-bead-treated conjugate pad was first attached below the nitrocellulose membrane with a 0.5 mm overlap, (2) the FR-1 Membrane (MDI Membrane Technologies) as the sample pad was attached below the conjugate pad with a 0.5 mm overlap, and (3) the Cellulose Fiber Membrane (EMD Millipore) as the absorbent pad was attached above the nitrocellulose membrane also with a 0.5 mm overlap. The assembled membrane card was cut manually into individual strips of 5 mm width (Figure 1a ) using a rotary paper trimmer (Dahle North America, Inc.). Once prepared, the test could be run by inputting 10 μL of sample and 80 μL of chase buffer onto the sample pad of the assay (details for assay operation can be found in the Supporting Information).
After the color was allowed to develop for 10 min on the test and control regions, the images of the test and control regions were taken using a 8 megapixel CMOS camera of iPhone 5s under the same room lighting conditions. The images were transferred to a standard laptop computer and red (R), green (G), and blue (B) intensities were obtained using RGB Measure function of ImageJ (National Institutes of Health). Within the test regions which typically measured 120 pixels by 120 pixels, three different areas of 40 pixels by 40 pixels were analyzed in order to examine the effect of nonuniformities of the color development. The R, G, and B values were then averaged and used to calculate the hue (H) intensities (Tables S.1 and S.2) based on the following equation:
where M = max(R, G, B) and m = min(R, G, B). Here, the use of hue channel to investigate the test region color is convenient; as in the range of our interest, hue intensity is found to increase monotonically as the ratio of red to blue color increases. Furthermore, previous studies have found hue to be less affected by illumination and more precise than RGB for quantitative analysis. 19 In our analysis, the test regions that did not develop any color were not considered.
In Figure 2a , we first demonstrate our assay scheme for the duplex detection of anti-CHIKV IgG/IgM. As expected, only the blue color can be observed on the CHIKV test region when the sample contains the significant concentrations of anti-CHIKV IgG only. The blue color on the CHIKV test region is indicative of the blue latex−anti-IgG probes that have bound to the anti-CHIKV IgG in the sample, which in turn has been captured by the CHIKV molecules on the test region ( Figure  2b ). As the sample concentration of anti-CHIKV IgG is decreased and that of anti-CHIKV IgM is increased, the blue color diminishes and the red color begins to emerge which correlates to the increasing number of red latex−anti-IgM probes accumulating on the CHIKV test region. This color trend continues to the case where only the significant concentration of anti-CHIKV IgM is found in the sample, and the red color dominates the CHIKV test region. In Figure  2c , we confirm this trend by acquiring the R and B intensities from the CHIKV test regions. In addition, we show that hue intensity of the test region increases as expected when red color shows a stronger presence over blue (Figure S.1) . These results suggest that, as currently optimized, our two-color lateral flow assay develops distinguished blue/red colors when the concentrations of anti-CHIKV IgG/IgM, respectively, are above 300 μg/mL. As the concentrations of AFI related IgG/ IgM in human blood are elevated significantly beyond 300 μg/ mL for those infected and found in much lower concentrations otherwise, 20 this version of our assay has the potential to diagnose the presence of anti-CHIKV IgG/IgM in point-of-care settings. Our novel assay scheme, in comparison to the commercial RDTs for duplex anti-CHIKV IgG/IgM detection that requires two separate test regions, is able to achieve the same level of multiplexing on just a single test region, which could lead to the reductions in the strip dimensions, material cost, and required sample volume. 18 In Figure 3a , we demonstrate the multiplexing capabilities of our novel assay scheme that enables the 4-plex detection of the IgG/IgM to the two distinct AFIs, CHIKV and DENV, on a single strip. The colorimetric development on the CHIKV test region (left) can be observed to indicate the presence of anti-CHIKV IgG and/or anti-CHIKV IgM above 300 μg/mL, where the concentrations above this cutoff are highly suggestive of current (IgM) or past (IgG) infection. In parallel, the DENV test region (right) on the same strip provides information about the presence of anti-DENV IgG and/or anti-DENV IgM. On both test regions, we show that blue, red, or mixed colors develop when the sample contains the pathogen-specific IgGs, IgMs, or both, respectively, which could be used to correctly identify 12 different diagnostic scenarios involving anti-CHIV and anti-DENV IgG/IgM. In Figure 3b , we quantitatively confirm these observations by evaluating the hue intensity of the test regions. The results indicate that the presence of IgG, IgG/IgM, and IgM can be associated with three distinct ranges of hue values at 200−209, 227−247, and 262−290, respectively (summarized in Figure S.2) .
This ability to multiplex IgG/IgM tests of more than one pathogen on a single strip is unprecedented and has the potential to facilitate the differential diagnosis of AFIs in the point-of-care settings. As the number of test regions increases and to accommodate the users with color-perception difficulties, the need for an analyzer system becomes apparent. For the intended point-of-care applications, this requirement can be fulfilled by the use of smartphone-based analyzer systems that have been previously developed by our group 21, 22 and others 23, 24 for similar applications. Besides the analytical capabilities, these systems could facilitate the AFI management by allowing quick communication of results via e-mail and collecting/tracking epidemiological data. 25, 26 The choice of our anti-IgG and anti-IgM probes that have affinities toward rabbit IgGs and mouse IgMs, respectively, has been to demonstrate our assay scheme using the commercially available IgGs and IgMs of DENV and CHIKV. In order for this assay to be useful in the diagnosis of AFIs in humans, the current anti-IgG and anti-IgM probes would need to be replaced with those with human IgG/IgM affinities; however, the probe preparation steps would remain the same. In the near future, once our two-color assay is adapted for human IgG/ IgM, the assay performance needs to be validated in human samples of AFI positivity. Notably, we hope to investigate the effect of other IgG/IgMs present in human samples on our assay signals and establish reliable methods to interpret our color signals to determine the presence of target IgG/IgMs as well as provide other clinically useful information such as differentiation of primary and secondary infections. Our assay can also be improved in terms of its ability to diagnose AFI in the beginning days of infection by incorporating the infectious agent detection on the same strip, where antibody against a specific AFI agent would be introduced as a testline on the strip.
For this initial prototype version of the assay, pipetting of test and control regions provided convenient and cost-effective means to prepare the small batch of test strips (<50). For mass production of the test strips, a lateral flow dispenser (e.g., Lateral Flow Reagent Dispenser; Claremont Biosolution) could be adapted to yield higher repeatability.
In conclusion, we present a novel lateral flow assay scheme that relies on two-color detection probes to multiplex the detection of IgG/IgM to CHIKV and DENV on a single lateral flow assay strip. We show that, by observing the color and location of the CHIKV and DENV test regions, our assay can indicate the presence of anti-CHIKV IgG/IgM and anti-DENV IgG/IgM. As our choice of the detection probes is commonly applicable in the detection schemes of different AFI-associated IgG/IgM tests, our assay could be easily multiplexed beyond the two AFIs presented here. Thus, this represents the significant step toward the development of a single point-ofcare rapid test for the differential diagnosis of multiple AFIs, which could be integrated with smartphone reader systems to facilitate the results analysis and communication of diagnostic findings.
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